Simultaneous measurements of compressional and shear wave speeds through polycrystalline methane hydrate have been made. Methane hydrate, grown directly in a wave speed measurement chamber, was uniaxially compacted to a final porosity below 2%. At 277 K, the compacted material's compressional wave speed was 3650 ± 50 m/s. The shear wave speed, measured simultaneously, was 1890 ± 30 m/s. From these wave speed measurements, we derive Vp/Vs, Poisson's Ratio, bulk, shear and Young's moduli.
INTRODUCTION
Clathrate hydrates of natural gases are nonstoichiometric crystalline solids in which a hydrogen-bonded water lattice is stabilized by individual "guest" molecules encaged in interstitial cavities. Of particular interest is methane (CH 4 ) hydrate, a structure I hydrate with a unit cell Hydrate studies focused on resource management, hazard mitigation, or climate change all require accurate physical property values, which have proven difficult to measure for CH 4 hydrate.
There is no consensus in the few published measurements, and most CH 4 hydrate property estimates are based on the behavior of analog materials. Here we describe laboratory measurements of compressional and shear wave speeds (Vp and Vs) through well-characterized CH 4 hydrate grown directly in a wave speed measurement chamber. From our simultaneous Vp and Vs measurements, and by assuming our samples are homogeneous and isotropic, we derive a suite of physical properties for dense, polycrystalline CH 4 hydrate.
EXPERIMENTAL METHOD

Sample Preparation
CH 4 hydrate samples were produced in a custom-built cylindrical pressure vessel (Fig. 1A) by slowly heating granular H 2 O ice in a pressurized CH 4 atmosphere, as described by Stern et al. ( 8 ) . Ice used to seed this reaction was grown from triply distilled water, ground and sieved to obtain a 180-250 µm grain size distribution. The resultant CH 4 hydrate is polycrystalline, with random grain orientation, and approximately 28% porosity.
Following synthesis, samples are uniaxially compacted to reduce the porosity below 2%.
We estimated the final hydrate porosity from the sample length measured during compaction and the known mass of ice used to seed the experiment. Hydrate extruded during compaction drives our calculated porosity lower than the actual porosity, but we cannot seal the sample chamber prior to compaction because CH 4 gas must be allowed in for hydrate synthesis to occur. To balance our synthesis and compaction requirements, slots are cut in the sample's Teflon jacket. These slots extend 5 mm past the compaction piston into the sample, allowing gas into the sample chamber during synthesis. Rapid piston displacement during the initial stage of compaction blocks these slots off, minimizing hydrate extrusion during the remaining ~10 mm of compaction.
Wave Speed Measurement
Both pressure vessel pistons house a 1 MHz center-frequency piezo-electric transducer (either P-or S-wave) used for pulse-transmission wave speed measurements ( 
RESULTS
To test the validity of our measurement methods, we performed a control experiment on pure, polycrystalline H 2 O ice compacted under vacuum at 260 K and uniaxial load of 40 MPa.
The recovered H 2 O ice sample was translucent, indicating the sample was nearly fully dense, with a final porosity below 1%. Our method reproduces published wave speed results within the scatter of individual studies (Table 1) .
Low noise levels in our ice and our hydrate experiments allow us to unambiguously pick arrival times for the precursor P-wave event generated by the S-wave transducer (Fig. 2) . In a test using the precursor event, the calculated compressional wave speed through a compacted hydrate sample was indistinguishable from that observed using the dedicated P-wave transducers on a separate sample. This agreement between results obtained using different compressional wave sources on separate samples demonstrates the repeatability of our hydrate synthesis and compaction procedure and shows the S-wave transducer can be used to provide reliable P-and Swave speed measurements simultaneously.
To draw meaningful conclusions from wave speed comparisons between our results and those already published, it is important to characterize our samples as completely as possible.
When forming hydrate from small ice grains warmed in a pressurized methane atmosphere (Stern et al. 8 ) , it is possible that a portion of the seed ice will melt rather than form hydrate. Fortunately, there are several indications of incomplete reaction measurable while the sample is in the synthesis chamber. Pressure and temperature (PT) effects are described in detail by Stern et al. ( 8 , 12 
DISCUSSION
By assuming our samples are homogeneous and isotropic, we can use our simultaneous Vp and Vs measurements to derive additional physical properties. Physical properties for both our ice and hydrate results are compared with published estimates for CH 4 hydrate in Table 3 . To obtain our adiabatic moduli values, we used a density of .92 g/cc for ice (Shaw 11 ) , and .90 g/cc for our CH 4 hydrate, which we assume to have a stoichiometry of CH 4 ·6H 2 0. To obtain our isothermal moduli, we used linear expansion coefficients of 52x10 -6 K -1 for ice (Whalley 19 ) and Table 3 ).
a Vp should be considered a lower bound for this reference. The reported velocity climbs from 3730 m/s to 3780 m/s as the cage occupancy drops from 100 to 80%. We believe our occupancy rate to be above 90%.
b Obtained from Whalley's ( 13 ) conclusion that Vp for CH 4 hydrate is 0.939 that of ice, taken from Table 1 
